The primary aim of this study was to assess subcortical auditory processing in individuals with chronic symptoms after mild traumatic brain injury (mTBI) by measuring auditory brainstem responses (ABRs) to standard click and complex speech stimuli. Consistent with reports in the literature of auditory problems after mTBI (despite normal-hearing thresholds), it was hypothesized that individuals with mTBI would have evidence of impaired neural encoding in the auditory brainstem compared to noninjured controls, as evidenced by delayed latencies and reduced amplitudes of ABR components. We further hypothesized that the speech-evoked ABR would be more sensitive than the click-evoked ABR to group differences because of its complex nature, particularly when recorded in a background noise condition.
INTRODUCTION
Traumatic brain injury (TBI) can result in damage throughout the central nervous system, including sensory and cognitive processing pathways. Mild traumatic brain injury (mTBI), often interchangeably referred to as concussion, accounts for nearly 90% of these injuries but presents increased challenges in diagnosis and treatment. Given that more than 1.5 million TBIs occur in the United States each year (National Center for Injury Prevention and Control 2003; Cassidy et al. 2004) , this represents a substantial number of individuals. Growing evidence and reports from sports and military populations suggests that long-term effects of mTBI or concussion are significant, the term "mild" referring to the initial physical injury not the severity of the longer term consequences. While many recover from mTBI within days and weeks after injury, perhaps 15% to 50% of mTBI patients experience persistent post-concussion symptoms beyond the usual 4-week period (Rimel et al. 1981; Bohnen et al. 1993; Ingebrigtsen et al. 1998; Ponsford et al. 2000; Wood 2004; Vanderploeg et al. 2007; Fourtassi et al. 2011) . It is now generally accepted that mTBI is more serious than previously thought and that even without sustained loss of consciousness, nerve fibers/axons throughout the brain are susceptible to widespread damage in diffuse axonal injury (DAI), particularly when the brain is exposed to rotational forces (Inglese et al. 2005; Biasca & Maxwell 2007; Browne et al. 2011) .
In the auditory system, damage from TBI could include injury to the auditory periphery by direct impact to the temporal bone housing the outer, middle, and inner ear or various structures within the central auditory system through focal or diffuse lesions. The auditory brainstem nuclei may be particularly susceptible to the effects of rotational and shearing forces and resulting DAI , while the primary auditory cortex may be vulnerable to impact against bony ridges of the sphenoid and temporal bones (Gutierrez-Cadavid 2005) . Brain structures in the vulnerable frontal and temporal lobes involved in cognition are also likely to be affected by TBI and have top-down influences on the processing of auditory information.
Excluding blast-related injuries and temporal bone fractures, peripheral hearing may be relatively unaffected or only transiently affected by TBI, especially in mild compared to more moderate or severe injuries (Barber 1969; Munjal et al. 2010a) . Despite this, disproportionate rates of auditory problems such as difficulty listening in background noise, inability to remember and follow oral instructions, and difficulty understanding rapid or degraded speech following have been reported after TBI (Jury & Flynn 2001; Lew et al. 2007a, b) . Existing research suggests that between 16% and >50% of individuals who sustain TBI have evidence of central auditory dysfunction (Cockrell & Gregory 1992; Bergemalm & Borg 2001; Bergemalm 2003; Bergemalm & Lyxell 2005; Flood et al. 2005) . It is likely that much of this auditory dysfunction results from DAI within the central auditory pathway.
Determining where and how severely mTBI affects neural processing within the central auditory system or higher level structures that affect auditory processing would provide insight into both diagnosis and prediction of outcomes in individuals with mTBI, for whom standard clinical neuroimaging tests including head computed tomography and magnetic resonance imaging scans are typically normal. Auditory evoked potentials (AEPs) offer a potentially sensitive tool to assess neuronal encoding of fine timing of acoustic information at multiple levels within this pathway, including subcortical and cortical structures. The long-term goals of this research are to determine the sensitivity of AEPs representing various levels of processing within the central auditory system to mTBI and their relationship to post-injury auditory deficits. While it is hoped that this knowledge will lead to improved clinical assessment and individualized intervention and monitoring of recovery for those with mTBI, this initial stage is designed to establish whether some proportion of individuals with mTBI have evidence of deficits in neural processing within the central auditory nervous system. The present study specifically examines neural processing at the subcortical level in a group of individuals who are symptomatic after mTBI, meaning they are not among those who recover quickly and spontaneously but have long-term consequences.
At the subcortical level, the auditory brainstem response (ABR) is a highly sensitive measure of synchronous neuronal response to an acoustic stimulus. As the accuracy of sound encoding at this sensory, precognitive level influences the input to higher-level structures in the auditory processing pathway, it is important to determine whether mTBI-related damage may disrupt neuronal function at this level. The majority of studies evaluating auditory brainstem function after TBI have used the standard ABR evoked by a click stimulus (click-ABR). Results of such studies have been mixed, but abnormal click-ABR responses in individuals have been most commonly reported in the acute phase after injury and as severity of TBI increases (Greenberg et al. 1977; Hall et al. 1983; Ottaviani et al. 1986; Fligor et al. 2002; Munjal et al. 2010b) . In milder forms of TBI, significant changes in ABR latencies have not always been observed (Schoenhuber et al. 1988; Nölle et al. 2004) . There are some studies that have demonstrated prolonged interpeak latencies in individuals with mTBI (Rowe & Carlson 1980; Noseworthy et al. 1981; Schoenhuber & Gentilini 1986; Soustiel et al. 1995) . However, even those studies showing significant click-ABR latency differences found little evidence of correlation with post-concussion functional outcomes (Schoenhuber & Gentilini 1986; Soustiel et al. 1995) .
Evoked potentials from the brainstem can also be recorded by complex stimuli, such as a speech syllable, which may provide a more sensitive indicator of neural encoding differences in individuals with mTBI. The neural response to such complex sounds consists of both sustained and transient features, which encode both transient and periodic features of a sound stimulus. The complex ABR provides a more behaviorally relevant stimulus, in this case speech, and it has been demonstrated that the response to a complex sound provides additional information about brainstem processing not predictable from the response to the simpler click stimulus (Song et al. 2006; Aiken & Picton 2008; Johnson et al. 2008 ). The ABR evoked by speech (speech-ABR) is a precise temporal representation of the events in a consonant-vowel stimulus, with transient components encoding syllable onset and offset and a sustained portion of the response encoding the periodicity of the fundamental frequency and vowel formants. In clinical populations, significant differences in speech-ABRs have been shown between children with and without auditory learning disabilities (Wible et al. 2004 (Wible et al. , 2005 Banai et al. 2005 ) and between groups of older and younger adults (Vander Werff & Burns 2011; Anderson et al. 2012) . The response has also been shown to have some relationship with speech processing in the presence of background noise (Anderson et al. 2011; Parbery-Clark et al. 2011) . The speech-ABR, therefore, may prove useful as an objective indicator of impaired neural encoding of important time-varying speech features in the subcortical central auditory system in individuals after mTBI.
In the present study, both click-and speech-evoked ABRs were recorded in a population of individuals with mTBI experiencing ongoing post-concussion problems 3 to 18 months post-injury. That is, the measures were taken at a nonacute stage and with knowledge of whether the individual was experiencing long-term consequences of concussion. Subjects were part of a larger study examining auditory behavioral performance, cognitive performance, and AEP recordings at brainstem, cortical, and cognitive levels. The goals of this particular study were to determine whether ABR responses to clicks and complex speech stimuli were significantly different in mTBI subjects compared to controls and whether there was a relationship between ABR results and auditory behavioral test outcomes in this population. If ABR results are sensitive to mTBI or mTBI-related auditory deficits, they may prove a useful inclusion to multidisciplinary clinical assessment in this population.
MATERIALS AND METHODS

Participants
The experimental group consisted of 32 individuals (22 female) aged 19 to 61 years (mean 42.3 ± 13.1 years) with confirmed mTBI using diagnostic criteria consistent with those established by the American Congress of Rehabilitation Medicine (ACRM, 1993) . Participants were recruited from a concussion management and rehabilitation program where they were being evaluated or treated for ongoing post-concussion problems. No participants were recruited who were within an initial acute or semi-acute stage (<3 months) after injury. To be enrolled, subjects were required to be 18 to 60 years of age and within 3 to 18 months post-injury with no other significant past head injuries requiring medical treatment. Penetrating trauma, blast, and crush injuries were excluded, along with temporal bone fracture or direct injury to the outer ear. Other exclusionary criteria included a preinjury history of significant neurologic disorders (e.g., multiple sclerosis, seizure disorders, Parkinson's disease), mental illness or psychological disorders (e.g., schizophrenia, bipolar disorder), or diagnosed learning disability or attention-deficit disorders. All subjects were native speakers of English. To reduce the influence of peripheral hearing loss on e202 VANDER WERFF AND RIEGER / EAR & HEARING, VOL. 38, NO. 4, e200-e214 auditory outcomes, all subjects were required to have no more than a mild hearing loss as described in the following section. A control group of age-and gender-matched participants with no history of concussion/TBI was also recruited. This group consisted of 32 adults (22 female) aged 18 to 60 years (mean 41.2 ± 12.7 years). Participants in the control group were required to meet all exclusion criteria listed earlier. All subjects completed a series of questionnaires including case history information and symptoms questionnaires and participated in a battery of audiological, neuropsychological, and electrophysiological tests. In this article, the brainstem electrophysiological measures and their comparison to the audiological outcomes are discussed.
Audiometric and Auditory Behavioral Test Measures
A comprehensive audiometric evaluation was conducted on all subjects including pure-tone air and bone conduction thresholds, tympanometry, acoustic reflex thresholds, and distortion product otoacoustic emissions. Any participants with hearing losses greater than 40 dB HL (American National Standards Institute, 2010) as defined by the pure-tone average (PTA) of 1.0, 2.0, and 4.0 kHz, or evidence of middle ear pathology by tympanometry or air-bone differences, were excluded from further participation to limit the influence of peripheral hearing loss on brainstem electrophysiological measures. As shown in Figure 1 , mean audiograms were similar between groups. T-tests revealed no significant differences for individual frequencies in the left or right ears, with the exception of 1000 Hz in the right ear, where the mean threshold was 11.7 dB HL for the mTBI group and 7.7 dB HL for the control group (p = 0.038).
Those who passed the initial audiological testing then completed a series of behavioral auditory tests. All tests were administered in a double-walled sound-treated booth using connected discourse recordings via the GSI-61 audiometer and ER-3A insert phones. Calibration was performed before each test using the recorded calibration tones on each compact disc. All tests were presented at 50 dB sensation level (SL) re: the 0.5, 1.0, and 2.0 kHz average or at 60 dB HL as indicated in the test instructions. The battery of tests included monaural word recognition in quiet (WR Quiet) and binaural word recognition in a background of noise (WR Bin +10). Separate 50-word NU-6 lists (Tillman & Carhart 1966) were used for each condition and ear for these word-recognition tests. The binaural word recognition in noise test was performed at a constant +10 signal to noise ratio using 20-talker babble prerecorded on the second track of the same connected discourse from Auditec of St. Louis. The babble used in this test was the same babble used for the background noise condition for the speech-ABR testing.
The remaining battery of auditory behavioral tests included the Words in Noise test (WIN; Wilson & Burks 2005; Wilson & McArdle 2007) , time-compressed (TC) speech recognition (NU-6 words with carrier phrases, 65% compression), the Gaps in Noise test (Musiek et al. 2005) , and the Staggered Spondaic Word test (Katz & Smith 1991) . All tests were performed and scored according to the provided standard instructions for each test.
It is important to note that this battery of tests is not inclusive of all tests recommended for clinical assessment and diagnosis of central auditory processing disorders (American Academy of Audiology 2010), nor is the diagnosis of central auditory processing disorders proposed for individuals in this study. The battery was also not specifically focused on measures known to be sensitive to brainstem lesions. As part of the larger study that included several hours and multiple sessions of testing AEPs at brainstem, cortical, and cognitive levels, a battery of cognitive/neuropsychological tests, the auditory behavioral test battery was chosen to concentrate mainly on measures of speech in noise and temporal resolution tests, along with the dichotic listening to correlate with functional outcomes as well as AEP measures at multiple levels.
Electrophysiological Test Parameters
Click-and speech-evoked ABRs were collected and analyzed separately for left and right ears of all subjects using the Biologic Navigator Pro System (Bio-logic Systems Corp., Natus Medical Inc., Mundelein, IL). All ABRs were recorded using a 2-channel montage, with electrodes at Cz (noninverting), mastoids (inverting), and forehead (ground). Contact impedances were all less than 5 kΩ and within 1.5 kΩ of each other. Stimuli were presented through unshielded insert earphones (ER-3A; Etymotic Research, Elk Grove Village, IL). Click-ABRs were recorded in response to a 100-μs click presented at a rate of 11.1/s at 80 dB nHL (103 dB ppeSPL). Responses were bandpass filtered from 30 to 3000 Hz, using 256 sampling points over a 16-ms time window. Individual traces exceeding 15 μV were rejected online. Two repetitions of 1500 artifact-free sweeps were collected for each ear.
Speech-ABRs were recorded in response to a 40-ms synthesized syllable /da/ used in previous studies (Vander Werff & Burns 2011) and obtained from the Auditory Neuroscience Lab of Nina Kraus and colleagues at Northwestern University. Stimuli were presented using the custom stimulus option in the standard Bio-logic AEP software (version 6.1.0) at a rate of 11.1/s. Stimulus levels were 80 dB SPL as measured using a 2 cm 3 DB-0138 coupler, Bruel & Kjaer Type 2203 sound level meter, and 1-inch microphone. Alternating polarity was used to minimize stimulus artifact. Responses were band-pass filtered online from 100 to 2000 Hz using 512 digital sampling points over a 74.67 ms epoch. Two repetitions of 2000 artifact-free sweeps were recorded for each ear. Speech-ABRs were collected under two conditions in each ear: quiet and in a background of speech babble. The level of the 20-talker babble was 70 dB SPL to maintain a +10 dB signal to noise ratio.
Subjects were seated in a comfortable, reclining chair in a double-walled sound-treated booth with 1/3 octave band 
Analyses
Click-ABR waveforms for each ear were analyzed by averaging the two replications and visually identifying peaks I, III, and V. Speech-ABR waveforms were similarly analyzed by averaging the two repetitions for each ear and visually identifying peaks V, A, C, D, E, F, and O using nomenclature previously established for the speech-ABR (Russo et al. 2004; . The transient response was considered to consist of the onset (waves V and A) and the offset (wave O) responses to the syllable, while the sustained response was considered to consist of peaks D, E, and F, reflecting the timing of the fundamental and formant frequencies of the vowel. Peak C may represent a transition between the consonant burst and vowel and was marked in those subjects for whom it could be reliably identified but was not analyzed statistically because of the relatively small number of subjects for whom it was present.
Peaks were visually determined within latency windows based on the literature and our previous paper (Vander Werff & Burns 2011) , as well as ongoing data collection for the present study. Peaks were judged as absent if they were not replicable between traces or not reliably above the noise floor for the individual's average waveform. In addition, waveforms for individual conditions judged to be contaminated by significant artifact were eliminated from analyses. This artifact was primarily observed in the sustained portion of the speech-ABR as large peaks were unlikely to represent the true neural response and thought to be related to postauricular muscle artifact. Data were not usable from five right and seven left ears for controls in quiet and five right and eight left ears from controls in noise. For the mTBI group four right and four left ears were excluded from quiet condition analysis and five right and five left ears in the noise condition. The excluded ears were not always from the same subjects in the quiet and noise conditions.
Components of the speech-ABR were further analyzed using custom MATLAB (version R2013a; MathWorks, Inc., Natick, MA) routines developed by Erika Skoe and Trent Nicol at Northwestern University (Brainstem Toolbox 2010). Peak latencies and amplitudes were automatically adjusted from those picked visually in the software (within ±2 sampling points) to obtain the absolute minimum or maximum values.
Statistical Analyses
Mixed model analysis of variance (ANOVA) was used to test for significant group differences (control versus mTBI) with repeated factors of ear (right and left) for click-ABR peak latencies and amplitudes and with an additional repeated factor of condition (quiet and noise, nested within each ear) for speech-ABR peak latencies and amplitudes. Point-by-point t-test comparisons were calculated to evaluate significant differences across waveforms and groups. T-tests were also conducted within each ear and condition (e.g., right quiet, left quiet, right noise, left noise) to evaluate for significant differences in latency and amplitude between subgroups of individuals with normal or abnormal auditory behavioral test performance. All statistical tests were considered to be significant at p < 0.05. It should be noted that the multiple time point t-tests and those of the subgroups by condition were not corrected for multiple comparisons, which increases the possibility of type I errors. The results should, therefore, be interpreted with appropriate caution.
RESULTS
Click-ABR
Grand mean click-ABRs for the left and right ears for the control group compared to those of all mTBI subjects are shown in the left panels of Figure 2 . There were no significant differences between grand mean group waveforms at each time point found by between-group independent t-test comparisons of amplitude, meaning the mTBI and control groups had similar click-ABR average morphology.
Absolute peak amplitudes were picked for each individual waveform and averaged, as shown in Table 1 , and absolute and interpeak latencies are shown in Table 2 . Statistics were conducted on these means of individually picked peaks, rather than on the peaks in the grand mean waveform. Using two-way mixed model ANOVA (Group × Ear, results shown in Tables 1 and 2) , there were no significant group differences for the absolute latencies or amplitudes for waves I, III, or V between the control and mTBI groups or by left versus right ears overall. There were also no significant differences in interpeak latencies by group or ear, although there was a significant Ear × Group interaction for the I-III (F 1,53 = 6.42, p = 0.014) and I-V intervals (F 1,56 = 4.74, p = 0.034). For the I-III interval, the mTBI group had slightly shorter I-III intervals, more so for the right ear than for the left. I-V intervals for the right ear intervals were the same between groups, while the mTBI group had slightly shorter I-V intervals than the control group in the left ear. These results appear to be because of slightly delayed wave I latencies in the mTBI group, although this difference in wave I latency did not reach statistical significance. Overall, the click-ABR showed little evidence of brainstem-level processing differences of click stimuli between controls and individuals with mTBI at the whole group level.
Speech-ABR in Quiet and Noise
Grand mean speech-ABRs recorded in quiet for the two groups are shown in the right panels of Figure 2 for the left and right ears separately. A trend for smaller transient peaks at the onset waves V and A can be observed for the mTBI group for both ears, as well as some decrease in the size of wave O. Point-by-point independent t-tests revealed some significant group differences across the waveforms, as shown by the small open circles at the bottom of each panel, primarily for the onset and offset time periods. Figure 3 shows the grand mean speech-ABR waveforms for the two groups recorded in the presence of multitalker babble noise. Overall, amplitudes for both groups and both ears were reduced compared to the quiet waveforms shown in Figure 3 . A smaller but still visible reduction in the size of the onset complex for the mTBI group compared to controls can still be observed for both ears. A few points along the waveforms, primarily at wave A for the left and right ears, were found to significantly differ between groups in the point-by-point t-test comparisons.
Mean amplitudes and latencies for the speech-ABR peaks are shown in Tables 1 and 2 Table 1 , amplitude values were not significantly different overall by group or by ear for any of the absolute peak amplitudes or for the V-A amplitude difference or V-A area measurement. The effect of condition, quiet versus noise, was significant for all but wave F (F 1,43 = 0.01, p = 0.933), meaning that the amplitudes were significantly smaller in noise compared quiet across all subjects in both groups. The Ear × Condition interaction was significant for wave O overall. The condition difference was seen more in the right ear than in the left across groups for this offset wave. The three-way interaction approached significance for wave D (F 1,43 = 4.03, p = 0.051), with the smallest average amplitude (−0.03 μV) seen for the controls in the right noise condition compared to any other combination of ear and condition in either group. The Group × Condition interaction also approached significance for V-A area (F 1,41 = 3.93, p = 0.054), with quiet areas greater than noise for the control group (areas = 0.16, 0.12, 0.16, and 0.10 for right quiet and noise and left quiet and noise areas, respectively) but not the mTBI group (0.14, 0.14, 0.16, and 0.13). Overall, these results indicate that on the whole group level, amplitude trends between groups seen in the grand mean waveform data are generally not robust enough to translate into significant differences in marked peak amplitude between control and concussion participants by this analysis.
Latency analyses were conducted the same way as described for amplitude and are shown in Table 2 . As with peak amplitude, there were no significant main effects of group in terms of absolute peak latency or the V-A latency difference or slope. There were significant latency differences between ears for peaks V (F 1,42 = 7.78, p = 0.008) and A (F 1,42 = 11.02, p = 0.002), as well as significant Group × Ear interactions for both peaks (F 1,42 = 8.29 and 4.52; p = 0.006 and 0.039 for V and A, respectively). In both cases, the right ear latencies were longer than the left ear latencies for peaks V and A in the mTBI group, while for the controls, right ear latency was longer than left ear latency for wave A, but the opposite was true for wave V. The effect of condition was not as consistent for latency as it was for amplitude, as it did not reach significance for the V-A latency difference or wave E and was right at the significance level for wave F. There were no other significant interactions.
In summary, absolute peak amplitude and latency did not differ significantly between the controls and the mTBI participants on the whole group level for any peaks. There were few significant ear differences (latency of waves V and A) across the entire pool of subjects. The most robust effects were that peaks were generally smaller and more delayed in noise compared to quiet conditions. However, overall, the quiet versus noise differences were not group specific. A few exceptions were seen, such as the longer right ear latencies for the concussion subjects compared to controls. 
Relationships Between ABR and Auditory Test Performance
Because of inherent variability across individuals with head injury involving factors including, but certainly not limited to, type and mechanism of injury, place, and force of impact, loss of consciousness, and other important but less quantifiable factors, patterns of findings at the whole group level are often difficult to observe. In characterizing neural processing of acoustic information at the brainstem level, it may be important to consider whether, on an individual basis, there is evidence of functional auditory problems. As an initial probe of this question, click-and speech-evoked ABR characteristics were compared to performance classifications based on the battery of auditory behavioral tests completed as part of the larger study.
Individual performance on each of the auditory behavioral tests was categorized as abnormal or normal based on available test norms or published data. Performance was considered abnormal for a particular test if scores for one or both ears (when tested individually) fell outside of the specified cutoff from test manuals and published normative studies for normal performance. Cumulatively, the mTBI group performed abnormally on 56% of the auditory behavioral tests, with one or more abnormal test results obtained from 22 of the 32 individuals. Comparatively, 19% of all of the tests were abnormal for controls, with only 6 individuals showing abnormal performance on any tests. In most cases, the few control subjects who were classified as abnormal were just outside of the normal range for the individual test. The highest percentage of abnormal test results in the mTBI group were obtained for the SSW (50%), WIN (38%), and the gaps in noise (22%) tests, with 19% abnormal on both WR Bin +10 and time-compressed speech. All mTBI participants performed normal on WR Quiet.
Correlations between ABR variables and performance on auditory behavioral tests were examined for the mTBI group overall. This resulted in an extensive number of comparisons given the number of conditions and outcome variables; therefore, results are not reported here. The majority of significant correlations were found between the right ear speech-ABR in quiet and noise and behavioral test scores. Figure 4 shows some examples of variables that were found to be significantly correlated between ABR and behavioral performance.
To better understand the overall relationship between ABR results and auditory test performance, the mTBI group was divided into two subgroups based on normal or abnormal performance on the auditory behavioral tests, as shown in Table 3 . Group A consisted of those who had mostly normal auditory test performance, with no abnormal or only one abnormal auditory test result (n=19). Those who performed abnormally on 2 or more of the auditory behavioral tests were considered Group B (n = 9). Despite abnormal performance on most of the auditory behavioral tests, 4 of the mTBI subjects (labeled as subgroup IE for insufficient effort in Table 3) were excluded from further analysis. Their exclusion was because of abnormal performance on multiple cognitive tests and a test of effort, the Medical Symptom Validity Test (Green 2004) , completed as part of the neuropsychological test battery-meaning it could not be determined if their behavioral test performance was abnormal because of low effort or auditory dysfunction. It is important to note that these 4 subjects performed abnormally, with very poor scores, on almost all auditory behavioral tests and if their low effort were unknown could be inappropriately classified as having auditory processing problems.
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in the top panels of Figure 5 for the left and right ears. Although overall morphologies are still similar, the solid lines of subgroup B appear to be slightly shifted compared to controls or group A for waves I and V particularly. Point-by-point t-tests, however, showed no significant differences between controls and either subgroup at any time point within the window shown. The onset and offset portions of speech-ABR waveforms for the left and right ears in quiet and in noise for the three subgroups are shown in the bottom two rows of panels in Figure 5 . Again, some differences in waveforms appear for some of the onset and offset portions of the waveform, more visible for the responses recorded in quiet. There were significant point-by-point differences between the control grand mean waveform and the group B (abnormal performance) waveform at several time points for both quiet and noise (open circles), while there were only a few significantly different time points in the onset portion of the left quiet waveform between controls and group A (open triangles). Table 4 shows the mean and standard deviations of latency and amplitude values of peaks for the subgroups for click-and speech-ABR. Univariate independent two-tail t-tests were performed to compare amplitude and latency values between controls and each of the two subgroups of mTBI participants, those with normal behavioral audiological outcomes (group A) and those with abnormal audiological outcomes (group B). Separate t-tests were performed for right ear in quiet, right ear in noise, left ear in quiet, and left ear in noise.
For the click-ABR, subgroup A (with normal auditory test performance) had significantly larger wave V amplitudes than controls (0.55 versus 0.43 μV; t 96 = −2.373, p = 0.020), which was the only significant latency or amplitude difference between these two groups. However, group B with abnormal auditory performance had significantly delayed wave I (1.70 versus 1.50 ms; t 77 = −2.304, p = 0.024), wave III (3.86 versus 3.74 ms; t 71 = −2.041, p = 0.045), and wave V (5.91 versus 5.78 ms; t 76 = −2.155, p = 0.033) latencies compared to controls. These results suggest that although there were no significant differences in click ABR latencies at the whole group level between the mTBI group and controls, those with mTBI who also exhibited decreased auditory behavioral test performance had evidence of significantly delayed click-ABR latencies compared to controls. Between groups A and B, only the latency of wave III differed significantly (t 52 = −2.419, p = 0.019).
Speech-ABR peak amplitudes were not significantly different between the controls and group A for any of the peaks, except for the amplitude of wave V in the left noise condition, where group A (with normal auditory performance) had a significantly larger mean amplitude in noise (0.06 μV) than did the controls (0.4 μV; t 39 = −2.33, p = 0.027). All other amplitude comparisons between controls and group A were nonsignificant. Comparisons between amplitudes between controls and group B, however, showed significantly larger amplitudes for controls for waves V (t 33 = 3.00, p = 0.008), D (t 29 = 2.60, p = 0.025), the V-A amplitude difference (t 33 = 2.56, p = 0.024), and the V-A area (t 33 = 3.02, p = 0.009). The wave A amplitude also approached significant difference between groups (t 33 = −2.01, p = 0.062). All of these were significant for the right quiet condition, with the exception of wave D, which was for the left noise condition. None of the amplitude comparisons between the two subgroups reached significance. 
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Similar comparisons performed on peak latencies showed no significant differences between the control group and group A for any of the peak latency variables. The concussion participants who had abnormal auditory performance, however, had significantly longer latencies than controls for waves V (t 33 = −2.47, p = 0.026), E (t 32 = −2.30, p = 0.036), and the V-A latency difference (t 33 = 2.28, p = 0.042) and approached significance for wave O (t 33 = −2.22, p = 0.054). All of these differences were found for the right ear in quiet only. Again, none of the latency comparisons between the two subgroups for speech-ABR reached significance.
Differences in demographic variables by subgroups were assessed using independent t-tests, with adjustments for unequal variance where appropriate as indicated by Levene's test. The overall control and mTBI groups were matched by age and gender, and as described, the PTA did not differ between groups. However, the mean age of group B with abnormal behavioral results and differences in brainstem processing was 50.6 ± 8.0 years and range of 32 to 60 years compared to group A with a mean age of 37.0 ± 13.2 years and range of 18 to 60. The mean age of the control group was 41.2 ± 12.7 years, with a range of 18 to 60. The age differences between group B and group A (t 24 = −3.32, p = 0.003) and group B and controls (t 22 = −2.47, p = 0.022) were significant, but there was no significant age difference between group A and controls (t 49 = 1.20, p = 0.236). In Figure 6 , an example of the relationship between age and wave O latency of the speech-ABR is shown. This figure demonstrates that while there was a relationship between increasing age and longer wave O latencies in controls (p < 0.005), it was not significant for the mTBI subjects (p =0.21). This suggests that both age and mTBI have an effect on some ABR variables, and this potential interaction between age and mTBI should be studied further in a larger study. 
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Neither the left (t 26 = 0.65, p = −1.079) nor the right (t 9 = −1.844, p = 0.098) PTA differed significantly between the two mTBI subgroups. There were no significant differences in PTA between the control group and group A for either ear, but there was a significant difference in the right PTA (t 39 = −2.29, p = 0.027) between the control group (9.2 ± 5.5 dB HL) and group B (14.6 dB ± 8.5 dB HL). Time between injury and testing was similar between subgroups, with subgroup B tested at 6.1 ± 4.0 months and group A at 7.2 ± 4.0 months, which was not a significant difference (t 26 = 0.65, p = 0.521).
To summarize, individually picked peak amplitudes and latencies showed no significant differences at the whole group level. There were some significant correlations between ABR and auditory test performance variables in the mTBI group, and importantly, when comparing controls to those with abnormal audiological test performance, click-ABRs showed delayed latencies and speech-ABRs showed both reduced amplitudes and delayed latencies for some peaks. These differences for the speech-ABR were seen primarily in the right ear in the quiet condition. The mTBI subjects with normal audiological performance, on the other hand, had no significant reduction in amplitude or reduced latency compared to controls and in fact had larger amplitudes than controls in some conditions (click-ABR wave V amplitude; speech-ABR wave V amplitude for left ear in noise). Differences in age and PTA, with group B being older and having poorer overall PTA than group A, may contribute to these results.
DISCUSSION
The objective of the present study was to compare and characterize neural encoding of subcortical auditory processing in individuals with a recent history of mTBI and ongoing postconcussion symptoms compared to noninjured controls. All of the mTBI participants had at maximum a mild hearing loss, with most presenting clinically normal-hearing sensitivity, yet the majority reported auditory problems. It is well known that auditory information processing at both cortical and subcortical levels is critical to speech understanding. The structures in the auditory brainstem provide precise encoding of fine spectrotemporal features of sound, which allow us to identify the features of individual consonant and vowel sounds and patterns in ongoing speech. If axonal injury within the brainstem structures occurs in mTBI, it could result in a degraded representation of this acoustic information being passed on to higher levels of processing in the cortex. 
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VANDER WERFF AND RIEGER / EAR & HEARING, VOL. 38, NO. 4, At the overall group level, there were no differences in click-ABR observed between mTBI and control subjects. Click-ABR abnormalities have not been consistently observed in previous TBI literature, except in more severe injuries. In a recent study, Gallun et al (2012) found that click-ABRs did not differ significantly between a group of 29 normal controls and a group of blast-exposed subjects, 19 out of 55 of whom were diagnosed with mTBI (the remaining had a diagnosis of no TBI). In that previous study, there were no group differences in terms of peak amplitudes or latencies even though the blast-exposed subjects, similar to the mTBI subjects in the present study, had a higher rate of abnormal performance on behavioral tests of central auditory processing. In another study, Nölle et al (2004) did not find group differences in ABR, but did report differences in otoacoustic emission suppression and stapedial reflex thresholds in a group of 31 patients with post-concussion syndrome (4 to 17 months post-injury), possibly indicating major sites of lesion in the brainstem and auditory midbrain. Other published studies have shown some evidence that even mTBI can result in auditory dysfunction at VANDER WERFF AND RIEGER / EAR & HEARING, VOL. 38, NO. 4, e200-e214 e211 the brainstem level as evidenced by delayed peak latencies for the click-ABR (Rowe & Carlson 1980; Noseworthy et al. 1981; Schoenhuber & Gentilini 1986; Soustiel et al. 1995) . However, only a few of these studies (Schoenhuber & Gentilini 1986; Soustiel et al. 1995) have indicated any correlation between ABR results and functional outcomes such as long-lasting post-concussion symptoms or the scores on neuropsychological tests. Our results provide some link between click-ABR and functional outcomes, indicating that only when comparing the control group to those mTBI subjects with measurably decreased performance on auditory behavioral tests did small differences in the click-ABR emerge, including delayed latencies for waves I, III, and V.
No known published studies have examined the speech-evoked ABR in the mTBI population, although it has been used to study other populations with auditory processing dysfunction. Because difficulty listening in background noise is one of the biggest complaints, reported by 50% of the mTBI subjects as frequently a problem and 38% as sometimes a problem, we hypothesized that recording the speech-ABR in background noise would potentially be sensitive to group differences in neural processing. Noise condition was significant for most speech-ABR absolute amplitudes and latencies; however, contrary to our hypothesis, the noise condition did not reveal more group differences than recording the speech-ABR in quiet. This is likely due because of the smaller amplitude and higher variability in the quiet waveforms of the mTBI group even in the quiet condition. The changes in variables between the quiet and noise conditions were, therefore, not as great.
Although some trends were observed in the grand mean waveforms, as with the click-ABR, few significant group differences were observed for peak amplitudes and latencies of the speech-ABR when comparing the control group to all mTBI subjects. However, there were relationships between ABR variables and outcomes on speech tests in the mTBI group, and when divided into subgroups, some significant differences were observed between controls and those mTBI subjects with abnormal behavioral auditory test performance. These differences were primarily observed for the onset portions of the waveforms in quiet and were close to significant for the onset wave. Although not reported here, we did not find any group differences or relationship to behavioral measures in sustained measures such as the overall RMS energy or energy at the fundamental or higher formant frequencies. That is, differences were observed for the transient portions rather than the sustained portions of the speech-ABR. This may reflect a decrease in synchronous activity of neurons in the brainstem to the fast components of speech. It would be valuable to further examine the sustained responses in comparison to more specific tests of temporal processing such as pitch or frequency pattern testing in a larger study.
Overall, there were not many significant differences in ABRs between left versus right stimulation in this study. However, when the subgroups were examined, most of the significant differences between the poor auditory behavioral test performers in the mTBI group compared to controls were seen in the right quiet condition. A right ear advantage for some portions of the speech-ABR has been reported by Hornickel et al. (2009) , but not consistently observed for all components (Ahadi et al. 2014) or in all studies (Vander Werff & Burns 2011) . Although injury variables certainly complicate whether ear asymmetries may exist in mTBI, it is interesting that the observed differences were most apparent in the right ear.
The outcomes of this study indicate that subcortical sensory processing may be affected by mTBI on a long-term basis for some, but not all, individuals with chronic post-concussion problems. These subcortical neural processing differences appear to relate to performance on tests of auditory processing and perception, even in the absence of significant hearing loss on the audiogram. This finding is in agreement with other studies that have suggested possible central auditory processing deficits despite normal audiometric results in blast-exposed Veteran populations (Fausti et al. 2009; Folmer et al. 2011; Gallun et al. 2012 ) and sports concussion populations (Turgeon et al. 2011) , although these previous papers have not shown brainstem level differences between mTBI and control populations. We also attempted to restrict the time frame between injury and testing, which often varies between days and years, and to limit our population to only those who reported ongoing post-concussion problems after 3 months and up to 18 months after injury. Therefore, any observed differences were not acute or transient changes nor were they several years post-injury. This is also a civilian population without additional complication of blast injury and noise trauma, which may represent different or more complex mechanisms of injury.
It is difficult to rule out some other confounding variables that could account for these results, including demographic and injury factors. The individuals in the mTBI subgroup with abnormal auditory performance and some reduced amplitudes and delayed latencies in click-and speech-evoked ABR were significantly older than the individuals in the other mTBI subgroup and the controls. While there is evidence of aging-related changes in the speech-ABR in older adults (Vander Werff & Burns 2011; Anderson et al. 2012) , these previous studies have only included younger (<30 years old) and older (>60 years old) adults. The subjects in the present study largely fell between these ages, yet there was some evidence of an age effect at least in controls that was not the same in the mTBI group (at least for the offset latency of speech-ABR). There was also a small (5 decibel) but significant difference in the right PTA between the control group and mTBI group B. Although it cannot be ruled out, it seems unlikely that relatively small differences in pure-tone thresholds between groups would account for the observed suprathreshold ABR results. However, the combination of age, PTA, and injury variables could influence the findings in this study. Because of 
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VANDER WERFF AND RIEGER / EAR & HEARING, VOL. 38, NO. 4, e200-e214 the small number of subjects in the subgroups, more complex ANOVA testing with covariates was not carried out. It will be critical, however, to follow-up with larger studies examining the interaction and controlling for the influence of these variables. Injury variables may also contribute to the small but significant differences observed between subgroups as well. Time between injury and testing was similar between subgroups, with subgroup B tested at 6.1 ± 4.1 months and group A at 7.2 ± 4.0 months, which was not a significant difference (t 26 = 0.65, p = 0.521). However, it was not possible to control other injury factors such as the direction, location, and nature of the impact. As shown in Table 3 , the majority of the participants in the present study suffered a direct blow to the head (75%) or acceleration/deceleration injuries (19%), mostly from motor vehicle accidents (38%) or falls (22%). DAI has been reported as a consistent and predominant feature in transportation and sports-related injuries (Meythaler et al. 2001) . The amount and direction of rotational or linear acceleration forces each individual received may relate to the likelihood of axonal injury and brainstem level pathology. In a mTBI model in swine, Browne et al. (2011) have shown that axonal pathology was significantly greater for injuries with axial rotation compared to that with coronal rotation of the head. In both planes of injury, axonal pathology was found in the frontal lobe, cerebellum, the midbrain, and the brainstem, but was far greater for the brains of animals injured in the axial plane, especially in the occipital lobe, cerebellum, and brainstem. In humans, rather than in animal models, most injuries are likely a combination of these forces causing both focal and diffuse injuries ).
Just as a small but significant minority of those with mTBI experience long-term but life-altering problems, some but not all of these individuals may have particular problems processing auditory information. Given the millions of mTBIs seen in military, sports, accidents, and other injuries, this preliminary evidence suggests that auditory evaluations may be an important part of multi-disciplinary assessment in this population. Although for the relatively small samples in the subgroups in the present study, these contributing variables, particularly the confound of age difference between groups, cannot be excluded from contributing to the differences in brainstem processing of auditory information, it is interesting that a subset of individuals with mTBI had both reduced performance on auditory behavioral tests and evidence of delayed latencies and reduced amplitudes for portions of the click-and especially the speechevoked ABR. Further research controlling for these factors may help illuminate whether different age groups or injury types are more susceptible to auditory brainstem dysfunction. The inclusion of a test of effort to provide an indication whether behavioral test results can be interpreted as reliable was another important component of this study and the classification of subgroups. Further results of the auditory and cognitive behavioral test performance as well as cortical event-related potential from the present study will be presented in upcoming publications to provide a broader picture of the possible effects of mTBI on the central auditory system and auditory processing.
CONCLUSIONS AND CLINICAL IMPLICATIONS
Audiological evaluation of individuals with mTBI is recommended and warranted, in both civilian and military populations, as a significant portion of individuals may experience auditory processing difficulty that can be identified and remediated. The heterogeneity of TBI presents a significant problem for all fields of research and clinical practice, and the results of this study are in line with the idea that individuals with mTBI cannot be treated as a homogenous clinical population. Although further research is needed to better understand the relationship between auditory processing and overall mTBI outcomes, it has been shown in other populations that both subcortical and cortical processing can be affected by remediation including auditory training (Tremblay et al. 2001; Tremblay & Kraus 2002; Hayes et al. 2003; Russo et al. 2005; Murphy et al. 2011) . As axonal damage in mTBI is typically not visible on conventional imaging, it is possible that both behavioral and objective audiological assessment may also help identify more subtle pathology in both acute and chronic postinjury stages as part of a multidisciplinary team approach. Such information and collaboration could lead to better individualized treatment plans for those with long-term problems associated with mTBI.
